Polymeric coatings may act as a physical barrier between the aggressive ions and the metal substrate. However, prolonged exposure may cause damage to the polymer coating, leading to a continuous reduction of the barrier effect and consequently loss of the corrosion protection. The objective of this study is to determine the effect of aminopropyltriethoxysilane (APS), cellulose and polyaniline emeraldine-salt (PAni ES) in an epoxy coating on the corrosion protection of mild steel. Microcrystalline cellulose (MCC) and cellulose nanowhiskers (CNW) functionalized or not with PAni ES were used and compared. The coating properties were investigated by electrochemical impedance spectroscopy (EIS), salt spray test and scanning electron microscopy (SEM). The surface of the carbon steel, after 1000 h of exposure, did not present evidence of superficial corrosion. Polymer coatings using CNW and PAni ES showed improved corrosion protection properties even after 90 days of immersion in 3.5 wt% NaCl solution. The greatest increase in the corrosion resistance of the coating was found by EIS for the epoxy coating reinforced with CNW functionalized with PAni ES, revealing a synergistic effect of the electroactivity of a conducting polymer and nanosized cellulose particles.
Introduction
Polymeric coatings are widely used as a common, practical and cost-effective method to protect metal surfaces from environment action. The corrosion performance of polymeric coatings depends upon several parameters such as adhesion to the metal substrate, permeability, thickness, chemical and mechanical resistance in aggressive environments. Thus, additionally to the properties of the coatings, the metal pretreatment before their application represents an important role on the corrosion performance and must be carefully conducted to provide effective protection.
Conversion coatings are widely used in surface treatments before the application of polymeric coatings to enhance adhesion between the metal substrate and the coating. The classic pretreatments that use chromium or phosphate have been replaced by systems that generate less waste and do not use toxic materials [1] [2] [3] . The use of zirconium conversion coating showed environmental and economic benefits since the layer is free of heavy metals, phosphates and volatile compounds 2 . By using zirconium conversion coatings, sludge and cleaning baths are reduced, thus lessening the generation of effluents. In addition, these coatings require a shorter operation time than other conventional treatments 4 . The corrosion resistance is improved in the treated and painted metal surface due to the barrier effect created by the polymeric coating between the metal and the corrosion media. Thus, epoxy resins are considered important mainly due to chemical, abrasion and impact resistance, electrical insulating properties and good adhesion to metal substrates [5] [6] [7] . Although acting primarily by barrier effect, these coatings may be permeable to water, oxygen and corrosive ions such as Cl -, H + and SO 4 2- . Protective properties of epoxy coatings can be improved if special compounds and fillers are used as corrosion inhibitors to formulate anticorrosive primers for metallic substrates. As many of these substances are considered to be toxic and ecologically unsafe, the search for new alternative compounds and fillers is under way. Organofunctionalsilanes, cellulose fibers and intrinsically conductive polymers (ICPs) have emerged recently as alternative chromate and phosphate treatments for metals. When they are used alone or in associate form, they are able to provide a synergistic effect to corrosion protection and other properties of organic coatings 8, 9 . Silanes are hybrid organic-inorganic compounds widely used in composite materials as filler/matrix coupling agents. When embedded in epoxy based resins, silanes undergo hydrolysis forming silanol (Si-OH) that enhances the chemical structure acting as initiator of a crosslinking process, increasing resistance to permeation of ions that are aggressive to polymer coatings. Additionally, silane acts to promote chemical bonding between the polymeric coating and the metal substrate through the formation of covalent bonds like Si-O-metal 10 . Silane groups compatible with the epoxy resin can participate in the curing process by promoting better physical-mechanical properties, thermal stability, anticorrosion characteristics, flexibility, toughness, durability and easy processing 11 . The main disadvantage of using silane is that the substrate must bear hydroxyl groups on its surface and the short shelf life of the silane solutions.
Conductive polymers have been the center of attention in the past several years due to their electrochemical properties and their mixed ionic/electronic conductivity properties and they have been used as host matrices in various composite films
12
. Some specific ICPs that enhance corrosion resistance are polyaniline, polythiophene and polypyrrole 13 . Concerning polyaniline, its role in the protection against corrosion is usually associated with its redox catalytic effect, which provides the formation of a stable oxide layer on the metallic substrate. This layer can act as a barrier preventing the passage of oxygen, hydrogen, water, and other aggressive ions to the metal surface 12, 14, 15 . Although PAni shows poor mechanical properties, after the incorporation of micro or nanoparticles such properties are improved, making it an alternative to obtain conductive nanofillers with superior mechanical properties 7 . A great shift in the use of nanofillers from natural resources is happening mainly to introduce an eco-friendly character in the resulting composites. The extended chain conformation and microfibrillar morphology of cellulose results in significant load carrying capability. Micro and nanofibers of cellulose present a great potential of applications, since they present high aspect ratio, high crystallinity and mechanical properties 7, 16, 17 . The nanocellulose has superior mechanical properties in comparison to microcellulose, becoming more interesting to be used as reinforcing filler in a polymeric matrix 18 . In addition it includes important properties of cellulose as: low density, biodegradability and the fact it comes from renewable sources 19 . Several studies have been carried out in order to obtain cellulose/PAni composites in which cellulose-based materials (derived from various sources) are incorporated into PAni [20] [21] [22] . Cellulose/polyaniline composites combine the mechanical properties of the pulp (in the form of micro-or nanoparticles) and the conductivity of PAni. These composites can be applied in anticorrosion coatings, conductive adhesives, antistatic material and electromagnetic shielding and smart biosensors 23 . Even at low concentrations, nanoparticulate dispersions of cellulose/polyaniline in various paints are expected to be able to promote a complex ultra fine network that enhances the corrosion protection properties of the coatings.
Loung et al. 22 have obtained composites of cellulose nanofibers modified with 5 to 80 wt% PAni to obtain paper with high electrical conductivity and good mechanical properties, which can be applied in flexible electrodes, sensors and other devices. Borsoi et al. 24 found that epoxy coatings based on cellulose nanowhiskers functionalized with PAni showed improved flexibility and adhesion properties and they could be considered as protective coatings for carbon steel.
In our previous work 24 celulose nanowhiskers were successfully functionalized with PAni ES and incorporated in an epoxy resin to achieve a coating with superior adhesion and flexibility properties. In the continuity of that study, the present work aimed to determine the effect of APS, cellulose and PAni ES in an epoxy coating on the corrosion protection of mild steel. MCC and CNW functionalized or not with PAni ES were used and compared. The obained coatings were applied on zirconium conversion coating pretreated carbon steel panels and their corrosion performance was evaluated through electrochemical impedance spectroscopy (EIS) and salt spray chamber test in neutral sodium chloride media.
Materials and Methods

Materials
MCC was provided by Sigma-Aldrich and CNW was obtained from MCC by a mechanical high friction grinding process. Epoxy resin was supplied by Huntsman (Araldite GZ 488N40-1) being a monocomponent epoxy in methyl ethyl ketone solvent (Synth). A solution was prepared with pure aniline (Sigma-Aldrich), 98% ammonium persulfate (Vetec) and hydrochloric acid (F. Maia Industry and Trade Ltd.) (36.5%) for the functionalization of MCC and CNW with PAni. The coatings were applied on carbon steel with the following composition: 0.062 wt% C; <0.0100 wt% Si; 0.333 wt% Mn; 0.002 wt% P; 0.006 wt% S and 99.587 wt% Fe. The zirconium conversion coating was obtained by using hexafluorozirconic acid (Nanotex ZR 16) provided by Klintex Petrochemicals Industrial Ltda. The silane used was aminopropyltriethoxysilane (APS) (Sigma-Aldrich).
Preparation of CNW
MCC was ground in a super mass colloider (MKCA6-2 Masuko Sanguo, Japan). A suspension containing 4.5 wt% MCC in distilled water was ground for 150 scans with a rotation of 2500 rpm and grinding area set to contact mode (gap between the plates adjusted to zero). The pulp (cellulose + water) passes between a static and a rotating stone in which the nanofibers that make up the fiber structure are individualized and the water was removed by lyophilization process (Liotop, model L101). The resulting CNW was ground using a bench grinder (Cadence, model MDR301) and classified using 400 mesh Tyler sieve to remove agglomerates.
Functionalization of MCC and CNW with PAni ES
Functionalization of cellulose (MCC or CNW) with PAni ES (emeraldine salt -PAni in the conductive form) was obtained using 3 g of aniline in a 100 mL solution of 1 mol.L -1 HCl. This solution was added to 3 g of MCC or CNW under magnetic stirring at 5 ± 2°C for 30 min. Polymerization was initiated by the addition of a precooled solution of ammonium persulfate (AP) (4.5 g dissolved in 45 mL of 1 mol.L -1 HCl solution) which remained in the ice bath for 1 h and under stirring at room temperature for 18 h. The dark green precipitate was filtered and washed with ethanol and distilled water until clean. The sample was dried in an oven for 24 h at 70°C, ground in a bench grinder (Cadence, MDR301) and stored in a desiccator until use. Figure 1 shows the scheme of functionalization of cellulose with PAni ES.
Pretreatment of the substrate, preparation and application of the coating
Carbon steel panels sized 120 mm x 70 mm x 0.75 mm were previously washed with ethanol, abraded with emery paper, and finally subjected to alkaline degreasing in a 5 wt% Saloclean 679 (Klintex Insumos Industriais Ltda) solution for 10 min at 70ºC, followed by washing in water and drying with cold air. Afterwards, the conversion coating on the metal substrate was obtained by immersion in a 2.7 wt% hexafluorozirconic acid solution for 40 s at 25 ± 5°C and dried in an oven for 10 min at 110°C.
The cellulose samples (MCC and CNW) previously dried at 80°C for 12 h were added to the epoxy resin with 3 wt% APS. This mixture was held in a mechanical stirrer with cowles type disk propellers at 2500 rpm for 10 min. The polymeric coatings were applied by dragging using a bar on film applicator and dried in an oven for 2 h at 140°C. The final average thickness of the coatings was 95.8 ± 7.2 µm. The nomenclature and composition of the polymer coatings are described in Table 1 .
Characterization
The electrochemical behavior was studied by Electrochemical Impedance Spectroscopy (EIS) measurements performed in a BI-AUTOLAB 302 Potentiostat with an impedance module (from EcoChemie®), scanning at a frequency range between 10
5 Hz and 10 -1 Hz with a sinusoidal perturbation amplitude of 10 mV. All measurements were conducted with a three-electrode arrangement, without agitation of the electrolyte at a room temperature and in aerated conditions: the working electrode was the coated steel sample with an exposed area (circular shape) of 0.785 cm 2 , the reference and the counter-electrode were a saturated calomel electrode (SCE) and a platinum coil with large area, respectively. The electrochemical cell was inserted in a Faraday cage to avoid the effect of external static electric fields. The impedance measurements were performed in 3. 2) salt-water solution containing 5 wt% NaCl was continuously sprayed in a closed testing chamber at 35 ± 2ºC. The edges of the panels were protected with beeswax and put in supports to ensure the default position for the samples placement between 15 and 30º from the vertical. In order to evaluate the subcutaneous migration according to ASTM D1654 after exposure, an "X" shaped incision was performed on the coating surface before submitting to salt spray test for 1000 h. The test was performed in triplicate for each coating.
The morphology and chemical composition of the substrates were analyzed by Scanning Electron Microscopy with Field Emission (FESEM) using a Tescan model Mira 3 microscope with an Energy Dispersive Spectroscopy (EDS) detector and an acceleration voltage of 15 kV. The surfaces were coated with a thin gold layer prior to analysis. The RE APS/MCC-Zr coating (Figure 2b ) showed complete formation of the capacitive arc after 30 days of immersion. This means that diffusion of the corrosive electrolyte occurs at the coating/metal interface with a very short immersion time. The formation of a second semicircle at low frequencies suggests that electrochemical reactions at the coating/metal interface progress due to the electrolyte access to the metal substrate 25, 26 . The increase in polarization resistance (Rp) of coating after 90 days of exposure suggests that the pores within the coating layer were blocked with corrosion products, and the ionic movement in the coating layer was shortly disrupted [25] [26] [27] . For the RE APS/CNW-Zr coating (Figure 2d ), Rp decreases with increasing electrolyte exposure time due to the penetration of aggressive ions and water through the coating.
Results and Discussion
The presence of PAni in coatings has profound effects on their protective performance. The values of overall impedances in systems with PAni ES are much higher in order of magnitude when RE APS/MCC-Zr and RE APS/CNW-Zr are compared with the systems containing PAni ES during exposure to 3 wt% NaCl solution. After 90 days, systems with epoxy coatings with PAni ES showed increased protective properties (Figure 2c and 2e) , thus indicating the possibility that PAni ES is respondible for enhancing barrier properties, forming a redox pair in which the conducting polymer is reduced oxidizing the metal, thus forming a passive oxide layer 27 . PAni is small sized and can be dispersed uniformly in the coating matrix and intertwined with each other to form a dense network, which results in a good continuity of distribution of PAni. As a result, a dense passive layer is formed on the surface to protect the metal beneath the oxide layer from further corrosive attack 28 . Therefore, the improved corrosion protection suggests two possible mechanisms. The first can be related to the formation of a larger number of van der Waals forces and hydrogen bonding between PAni ES and cellulose in addition to the excellent adhesion of the polymeric coating to the metal substrate provided by silane and zirconium conversion coating, which acts in the final crosslinking of the epoxy chains and the amino groups provided by APS. The nanoparticles improved the adherence of the cured epoxy coating to the underlying substrate and altered the physiochemical properties of the coating-steel interface. The second indicates that the ions have a zigzag-shaped path, resulting in an increase in the diffusion path due to the presence of nanoparticles leading to an improved barrier performance of the epoxy coating (Figure 3) . A similar behavior was observed by Shi et al. 29 , who evaluated the influence of nanoparticles of SiO 2 , Zn, Fe 2 O 3 and halloysite clay in epoxy coatings, and also by Conradi et al. 30 , who investigated the influence of silica nanoparticles in epoxy coatings.
A more detailed interpretation of the EIS measurements was performed by fitting the experimental plots (Figure 4 ) in equivalent electrical circuit models to simulate the electrochemical behavior of the studied coatings. The values of different parameters obtained from the fitted Nyquist plots are represented in Table 2 . These results are related to the interaction of the electrolyte with the film, such as its permeation through the film, which is not an instantaneous process. The equivalent circuit shown in Figure 4 describes the electrode coated with a porous layer which contains two interfaces: coating/electrolyte and coating/metal. Where R s is the electrolyte resistance, R c is the resistance of the coating at high frequencies, R p is the polarization resistance at the coating/metal interface observed at lower frequencies, C c is the capacitance of the coating and Q is the charge accumulation at the electrolyte /polymer interface in the inner regions of the electrode, which is also affected by the decreased conductivity of the electrolyte, represented by the constant phase element (CPE). The CPE element is associated with the n parameter describing an ideal capacitor for n = 1, ideal resistor for n = 0 and a CPE 0 < n < 1 due to the heterogeneity of the system. Where: Coating resistance (Rc), coating capacitance (Cc), polarization resistance (Rp) and phase constant element (Q) of polymer coatings.
* Ideal Capacitor n = 1, ideal resistor n = 0 and CPE 0 < n < 1
Coatings based on MCC and PAni ES did not show improvement in performance mainly due to the size, morphology and distribution of particles that can act as bridges, facilitating the diffusion of water and aggressive ions. According to Pour-Ali et al. 31 an increased particle size reduces the physical properties of the coating (barrier effect) and the morphology of coatings plays a fundamental role in the performance against corrosion. Thus, MCC may have intercepted the coating surface creating "bridges" for water and ions to reach the coating/metal interface, reducing the overall resistance of the coating system. When the particle size is reduced, as is case of CNW, the protective effect is inverted since this reinforcement improved the barrier of the coating, thus increasing the system resistance. Table 2 shows the R c , C c , R p or Q values for the polymeric coatings after 90 days of immersion in 3.5 wt% NaCl solution. After 90 days of immersion in 3.5 wt% NaCl solution all coatings presented C c values below 10 -9 F.cm -2 . Thus, the polymeric coatings may act to protect the metal substrate, because according to results obtained by Chen and Liu 28 , Mostafaei and Nasirpouri 32 , Sathiyanarayanan et al. 33 when the values of C c < 10 -9 F.cm -2 the penetration of water molecules can be neglected and coatings act to protect the metal substrate. Polymeric coatings have many pores or defects that can be filled by corrosion products when exposed to corrosive medium after long periods, which increases the coating capacitance 32, 34 . The use of CNW PAni ES increases the Rp values and it is possible to obtain a polymer coating with superior anticorrosive properties compared to other coatings. According to Sathiyanarayanan et al. 33 R p values greater than 10 7 Ω.cm 2 provide efficient corrosion protection to carbon steel and this behavior was found for all coatings. Thus, although all analyzed coatings may be used for protection of steel, RE APS/CNW PAni ES -Zr coating acts more efficiently. Figure 5 shows the polymeric coatings after 1000 h of exposure to salt spray. RE APS/CNW -Zr coating did not present blistering, RE APS -Zr coating presented blistering after 500 h of exposure and the other coatings presented blistering after 168 h. Red and green corrosion products at the incision are observed for all samples. No differences were observed with respect to the corrosion products formed and the area of corrosion in the incision of the coatings in relation to the incorporation of the load. Similar behavior was observed by Asemani et al. 35 by evaluating different epoxy-based polymer coatings using a zirconium conversion coating as a pretreatment of carbon steel.
The result of the subcutaneous migration test (Figure 6 ) indicates subcutaneous penetration of the electrolyte in the coating/metal substrate interface. After exposure for 1000 h to salt spray, all coatings showed a complete detachment, except RE APS -Zr, which showed partial detachment. In spite of the coating detachment, the metal substrate showed no corrosion products, demonstrating that the polymer coating with APS and the zirconium conversion coating pretreatment act to protect steel against corrosion. Similar behavior was observed Asemani et al. 35 who not observed after 400 h of exposure to salt spray, the formation of corrosion products on the metal substrate after delamination of the coating.
The adhesion of coatings to a metal substrate is affected when exposure to these aggressive ions causes their permeation under the coating, facilitating the breaking of hydrogen bonds between the coating and the metal surface 3, 26, 36 . Thus, the use of the zirconium conversion coating on the metal substrate, in addition to improving the adhesion of the polymer coating to the metal substrate, acts as an additional layer of protection between the metal substrate and the polymer coating. It acts as a more effective barrier, making the cathodic reactions of the corrosive elements more resistant when it reaches the polymeric/metallic substrate interface 37 . According to the literature 37,38 α-, β-, γ-FeOOH, α-Fe 2 O 3 , Fe 3 O 4 , and amorphous oxyhydroxides are formed as reddishbrown corrosion iron. Figure 7 presents the results obtained by EDS upon mapping oxygen distribution in the samples incision submitted to exposure for 1000 h to salt spray. During exposure to salt spray an electrolyte layer is formed on the polymeric coating surface and easy diffusion of oxygen and chloride ions causes accelerated corrosion where the coating is damaged. A similar behavior was observed by Prakash et al. 39 in the evaluation of mild steel on the corrosion behavior in salt spray test using 3.5 wt% NaCl solution. Figure 8 shows the morphology of the corrosion products of the samples submitted to salt spray analysis after evaluating the subcutaneous migration to characterize the oxides present on the surface. Different morphologies of oxides were observed and the sample containing only MCC functionalized with PAni ES presented a structure formed with small pores. In Figure 8a , there were fine crystal (thin plates of flower-like structure) compact structures composed of γ-FeOOH. The morphology of the β-FeOOH phase, which is characterized by a morphology that reminds cotton balls and rosettes, was preferably formed in media with Cl -ions. The β-FeOOH phase accelerates the corrosion process while the γ-FeOOH phase is considered the primary factor of corrosion, but when these two phases coexist, β-FeOOH plays a major role in accelerating the corrosion rate. Figure 8b shows the characteristic morphology of corrosion products formed under marine environment (Cl -ions-containing environment) in the form of cigar-shaped crystals, typical of β-FeOOH, which are characterized by accelerating the corrosion rate. A similar behavior was reported by De La Fuente et al. 40 , who evaluated the morphology of corrosion formed on mild steel after long-term atmospheric exposure (rural, urban, industrial, mild marine and severe marine), and by Prakash et al. 39 , who evaluated the corrosion behavior of mild steel in salt spray test using 3.5 wt% NaCl solution.
The morphology presented in Figure 8c shows a typical corrosion product characterized by the reddish-brown aspect seen in Figure 6c with PAni ES coatings. This morphology results from the hydrolysis and oxidation of Fe 2+ ions or the hydrolysis of Fe 3+ ions with precipitation of FeOOH. A similar behavior was observed by De La Fuente et al. 40 and Pingitore et al. 37 on the characterization of corrosion product layers on archaeological iron.
Conclusions
The synergistic effect of APS, cellulose and PAni ES in an epoxy coating on the corrosion protection mild steel pretreated with a zirconium conversion coating was investigated. After 1000 h of exposure to the salt spray the epoxy coatings presented corrosion products only at the sample incision. EIS results showed that no appropriate corrosion resistance of the coating in sodium chloride solution was obtained when cellulose (MCC or CNW) was used as reinforcement. However, a great increase in the corrosion resistance of the coatings was found for the coating reinforced with CNW functionalized with PAni ES, showing polarization resistance of 27.3 GΩ.cm . This result revealed a good combination of nanosized particles, which provided greater diffusion pathway to aggressive ions and water in comparison to microsized particles, and the electroactivity of the conducting polymer which allowed the formation of corrosion products of different morphologies.
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